The objectives of this study were to examine the possibility of reducing the fuel consumption and CO 2 emissions of harvesters during cut-to-length operations by applying various technical settings to the machine through the machine's own software package. The adjustment of machine settings had an effect on the fuel consumption per unit product (l m
Introduction
The global production of roundwood amounts to approximately 3.7 billion m 3 per year (FAO, 2016) , of which over 1 billion originates from industrialized regions such as Europe, North America and Russia (Eurostat, 2016) . In these countries, an increasing proportion of all harvesting work is mechanized, with shares that reach almost 100% in Atlantic, Baltic and Nordic Europe (Asikainen et al., 2009) . Mechanized forestry equipment reaches high productivity but incurs high fuel consumption as well. Felling and processing alone require over 1.1 l diesel per m 3 of roundwood (Athanassiadis, 2000) , and when this amount is multiplied for the volume harvested in industrialized countries, consumption soars to over 1 billion litres of diesel per year. That emphasizes the interest in increasing the efficiency of wood harvesting equipment and the reduction of pollutants emitted by diesel engines which affect human health and the environment (Petranovi c et al., 2015) . Much work is being devoted to introducing new high-efficiency hybrid power solutions such as a hybrid-electric harvester (Johnsen, 2017) and/or to favour a switch towards biofuel blends (Mwangi et al., 2015) or mixing suitable additives to diesel (Fattah et al., 2014) . These are likely to be the mainstream solutions of the near future, as older machines are being replaced with new and more modern ones. In the immediate future, however, large-scale changes can only occur through the adaptation of the existing fleet through retrofitting or suitable adjustments, as has been done in other fields, i.e. the achievement of reduced energy consumption in retrofitting of buildings (Zhou et al., 2016) . Machine setting adjustment is probably the easiest solution: most tree harvesting machines can run in several modes, including a fuel saving mode like any other piece of equipment, i.e. engine operation modes in hybrid electric vehicles to reduce fuel consumption (Solouk et al., 2018) . Also, mechanized harvesting machines collect a vast amount of data during their operation. Big data can be utilized for improvements through data mining and development of methods and models similar to those developed to solve regional energy efficiency problems (Liu et al., 2018) or using in machining optimisation within the manufacturing sector, where a 40% energy saving and 30% productivity improvement can be achieved (Liang et al., 2018) . The demand for forestry equipment, including both purposebuilt machines and converted machinery, is increasing on a global scale e the demand for forestry equipment in the world was forecast to grow annually by 4.5 per cent and reach 9.3 billion US dollars in 2019 (Freedonia, 2015) . The demand for machines is highest on the North-American market with an estimated need of 14 000 to 35 000 harvesting machine chains (Asikainen et al., 2009) . In 2014, the US and Canadian markets accounted for a third of global product demand, followed by Western Europe as the second largest market with a share of 22% of the total equipment sales (Freedonia, 2015) . Asikainen et al. (2011) estimated the need for machines in the EU in 2010e2030 for the supply of biomass potential at 18 600 harvesters and 21 600 forwarders. Consequently, if successful, modifying and adjusting work settings to reduce fuel consumption and CO 2 emissions in CTL timber harvesting could affect a large number of machines.
As a matter of fact, energy saving, reduction of greenhouse gas (GHG) emissions and machine efficiency are some of the most important key performance indicators of forest harvesting operations, regardless of the final product: timber or fuelwood. Several recent studies have analysed the efficiency of harvesting operations, their carbon footprint and the fuel consumption and emissions of all machines deployed for the task (Erber and Kühmaier, 2017; Obi and Visser, 2017; Cosola et al., 2016; Spinelli et al., 2018) . While efficiency has increased through mechanization (Berg and Karjalainen, 2003) , forest operations still account for the majority of emissions along the wood value chain: in that regard, harvesting is the most critical phase, due to its large consumption of fossil fuel (Dias and Arroja, 2012; Morales et al., 2015) .
Within mechanized wood harvesting systems, fuel consumption is the main energy input and may account for 82% of the total (Klvac et al., 2003) . For harvesting operations, productivity, fuel use and fuel type have a strong effect on energy consumption and GHG emissions, as shown by Zhang et al. (2016) in their study about the environmental impact of harvesting. Fuel consumption during harvesting operation plays an important role in the overall timber extraction process: Lijewski et al. (2017) report that the fuel consumption of CTL harvesters represents 38% of the total fuel used along the technological cycle, which is higher than that consumed during forwarding (35%) and transportation (27%).
The technical efficiency of the harvesting operation is influenced by factors such as the size of operation, forest terrain, number of log assortments and piece size (Obi and Visser, 2017) , whereas the fuel consumption of timber harvesting machines depends largely on work type, the mechanical condition of the equipment and the driving style adopted by the operator (Ackerman et al., 2014) . Fuel consumption varies also between harvesting systems (Spinelli et al., 2014) and depends on the harvesting machinery used. In that regard, Magagnotti et al. (2017) reported a 2.4 times greater fuel consumption per unit product for excavator-based units compared to purpose-built machines. These same findings have been confirmed by previous studies relating fuel consumption and emissions to machine characteristics, operator, machine operating time, work productivity and stand management options (Athanassiadis et al., 1999; Berg and Karjalainen, 2003; Cosola et al., 2016) .
In general, cutting performance is affected by a complex combination of different factors (Nurminen et al., 2006) . For CO 2 emissions, the most important factors are: species distribution, forest management method, terrain conditions, machine choice and operator competence (Cosola et al., 2016) .
Of course, a key parameter is the productivity of machines: if productivity increases more than fuel consumption, then emission per product unit is likely to decrease. Hiesl and Benjamin (2013) mentioned in their literature review that machine productivity is most affected by stand and site conditions, equipment configurations, management objectives, and operator experience. Earlier on, Lageson (1997) mentioned that thinning intensity has a strong effect on machine productivity deployed in tending operations. Like for any other work process, the productivity of mechanized harvesting (i.e. felling, delimbing and bucking) is significantly affected by the volume of the work object e in this case the harvested tree e according to a relatively complex function (Visser and Spinelli, 2012) .
Increasing resource efficiency is a key element of cleaner production and one measure is to reduce fuel input when producing the same product output (Spinelli et al., 2018) . Thus, the question arose if a reduction of diesel fuel consumption in harvesting operation through the modification of work settings of CTL harvesters can be achieved. The aim of this study was to investigate the possibility to reduce the fuel consumption and CO 2 emissions of timber harvesters during CTL operation under real working conditions by modifying the technical settings of the machine through the machine's own software package. The study focussed on the determination of the effects of selected setting treatments in single-grip harvesters on the diesel fuel consumption and CO 2 emissions per unit product, as well as on relative productivity.
Materials and methods
The study was carried out in Central Finland north of Jyv€ askyl€ a, at three sites near Konttim€ aki (62 36 0 N 25 7 0 E), Kyyj€ arvi (63 0 0 N 24 51 0 E) and Saarij€ arvi (62 38 0 N 25 32 0 E) from 21st to 25th August 2017.
Three Ponsse single-grip harvesters were studied under real working conditions during cut-to-length operation ( Table 1) . The machines were prepared with pre-selected settings defined individually for each machine (see appendices A to C); the settings compared were defined as follows: BAU (business as usual): the setting which the contractor and/or operator would normally use; it is adjusted carefully by the operators for the given machine and conditions and typically optimized for operator skills and preferences to obtain highest productivity ECO (economy mode): setting aiming at the lowest fuel consumption in litres per harvested cubic metre; implementation of various fuel saving features POWER (production mode): setting aiming at the highest productivity; implementation of various features to increase productivity
Experimental design
Each of the three machines was operated under each of the three settings (BAU, ECO and POWER) for 5 work bouts, each lasting approximately one hour and representing a repetition. Therefore, the experimental design included 45 repetitions (3 machines Â 3 settings Â 5 replications). The setting sequence for each machine was randomized, in order to dampen background noise.
Study methodology
The study was conducted by collecting field data under real working conditions. Data was collected using the machine's onboard recording of the main work parameters; an additional software package was installed on the machines which recorded predefined machine parameters on separate files for each scenario run. The main data analysed within this study included fuel consumption, stem number, harvest volume in solid cubic metres and engine load factor.
Characteristics of the studied harvesters
The studied harvesters were three single-grip harvester models from the manufacturer Ponsse, which were prepared with preselected settings defined individually for each machine.
Each harvester was operated by one operator, who was among the drivers normally assigned to that machine by the company owners. During the study, operators were not switched between machines. For that reason, different operators were sitting in different machines, but all the operators were experienced professionals with working experience on their harvesting machines of 0.5e2.5 years, and as drivers of similar models of 15e30 years.
Test sites
The test sites were pine-dominated young stands, with varying shares of spruce and birch. All stands were tagged for thinning, with a planned intensity of around 50% in volume. Inventory field measurements were taken from each harvesting site before and after the operation, in order to characterize the stands and the silvicultural treatments. At each site, a minimum of 10 sample plots were measured, each represented by a circular area with a radius of 9.78 m (plot area 300 m 2 ). At each plot, breast height diameters at 1.3 m above the ground (DBH) of all stems above 10 cm were measured, and the species recorded. The plots were established systematically on parallel transects that covered the whole test site, and were spaced at a distance of approximately 30 m. This distance was taken between the centre points e not the edges eof measurement plots. Height measurements were done on each site with a minimum of 20 heights for each of the main species. Each height measurement was associated with the respective DBH measurement, in order to develop a local DBH to height curve. This same measurement procedure was repeated after harvesting, at approximately the same measurement plot locations. The tree basal area (cross-sectional area at DBH over bark) was calculated for each tree in the plot, with the sum representing the basal area of that plot. Tree volumes were roughly estimated using a cone volume formula based on the average height and tree basal area (Eq. (1)):
where TBA ¼ tree basal area, in m 2 H ¼ average height for each species, in m On a plot level, the sum of each tree volume was calculated. All plot figures were then converted into hectare figures. The characteristics of harvesting sites before and after harvesting are reported in Table 2 as average figures for each of the three stands.
Data analysis
Data from the harvesting machines was saved in separate files using the SignalLogger software then converted into EXCEL files for cleaning and analysis. Calculations were performed in EXCEL statistical analyses in SPSS 25 and Statview 5.01.
The number of processed stems and the volume for each tree species and replication were extracted from the machine's own records acquired through software PONSSE Opti4G, for all machines.
Fuel consumption was determined to an accuracy of 0.05 l per hour using the machine's own data collection system, which recorded instant fuel consumption at 20 ms intervals. Instant fuel consumption represents the current fuel consumption in litres per hour at the respective time interval. Thus, in order to determine the total fuel consumption for the whole repetition, the instant fuel consumption was integrated over its duration, which was defined as the time interval between the first and the last instant fuel consumption readings. In addition, the engine load factor was recorded using the same device.
The average roundwood volume e including logs as well as pulpwood e was calculated using the sum of the total processed volumes (all species) in the test hour and the number of round-and pulpwood logs. Fuel consumption was presented as litres per solid cubic metre.
In order to relate the machine's recording of fuel consumption to actual fuel consumption, measurements of diesel fuel consumption when re-fuelling the machines were performed using a Badger LM OG HF (3/4") fuel meter with an accuracy of 0.01 l. Tanks were filled up to a maximum level at the roadside before starting the trial and after completing the trial, at the same exact location and position, at the roadside. That allowed estimating a correction factor that was applied to the records from each testing period (repetition).
GHG emission calculations were limited to CO 2 emissions as they are the main contributor to the global warming potential (Gonz alez-García et al., 2009). CO 2 emissions were estimated based on the diesel fuel consumption using the following equation (EPA, 2016) :
where
44/12 ¼ ratio of molecular weights of CO 2 and carbon
The scope of CO 2 emission calculations was on the direct emissions of diesel consumption. Indirect emissions were not considered in this study.
The dataset was statistically analysed in order to check the significance of differences between settings and machines. Normality of data was analysed using the Shapiro-Wilk test with SPSS 25. Homoscedasticity was tested using the Levene's test and Bartlett's test. The total number of stems and volume in the testing period, productivity per hour, fuel consumption per hour and per testing period and the corrected fuel consumption per testing period were normally distributed and homoscedastic. The fuel consumption per unit product, CO 2 emissions and the average round wood volume were non-normally distributed and were normalized through LOG transformation. Regression, transformation, ANOVA and non-parametric Mann-Whitney testing Silver birch (Betula pendula) other broadleaves (alder, aspen) other broadleaves (aspen) Before harvesting Average diameter [cm] 18.9 ± 1.7 19.8 ± 1.9 17.6 ± 1.6 Average height [m] 17.6 ± 1.4 17.7 ± 2.0 18. were performed using the Statview 5.01 statistical software. Significance level of a < 0.05 was applied in all analyses.
Results
The dataset showed remarkable differences between machines and settings (Table 3 ). In particular, stem size varied between 0.14 and 0.23 m 3 , and was significantly larger for the Ergo harvester (Kruskal-Wallis test: p ¼ 0.047), as could be expected for the largest machine in the group. On the other hand, there was no significant difference in the mean tree size between the setting treatments (Kruskal-Wallis test: p ¼ 0.835), which confirmed that the comparisons were conducted under equal conditions. Fuel consumption per unit product ranged between 1.02 and 1.48 l m À3 , but treatment differences were blurred by the different behaviour of different machines (p ¼ 0.129). The same accounted for CO 2 emissions that were calculated on the basis of fuel consumption, and varied between 2.8 and 4.0 kg m À3 . The effect of machine setting on productivity was different for different machines: switching from BAU to ECO determined a productivity loss for Beaver and Ergo, but not for Scorpion King. Productivity losses also occurred when switching from BAU to POWER, for Beaver and Scorpion King. In contrast, the switch to POWER increases the productivity of Ergo. The different reaction of different machines explained why it was difficult to get a statistically significant result when pooling all machines together. That is best demonstrated by the box plot graphs at Figs. 2 and 3. The graph in Fig. 2 shows the effect of setting treatments on the fuel consumption per unit product, with the lowest fuel consumption of 1.16 l m À3 for the ECO setting, 1% below the BAU setting, whereas the POWER setting was 17% above the BAU setting; an outlier was not excluded from the dataset as no experimental error was identified. This graph does not highlight any large and significant ) for the three studied machine setting treatments. differences between the three treatments, when all machines are taken together and included in the analysis as a random factor.
In contrast, the box plot in Fig. 3 shows clear differences for the POWER setting with Beaver and ScorpionKing, and a relative indifference to settings for Ergo.
Therefore, machine type was included as a factor in ANOVA (Table 4 ). The analysis showed that the stem size has the strongest and most significant effect on fuel consumption per unit product (transformed figure) , but machine setting also has a significant effect. The statistical significance of the interaction factor machine * settings demonstrates what was observed just above, i.e. the different reaction of the different test machines to setting adjustments. In particular, Ergo goes the opposite direction than the others, and for that reason the same analyses were repeated after removing Ergo observations from the data pool.
The new analysis also focused on the two extreme settings e ECO and POWER e in order to highlight possible differences between two radically different approaches. Descriptive statistics indicated that differences between BAU and ECO were small. Finally, restricting the analysis to a pair of alternatives solved the issue of pinpointing differences, even when no reliable post-hoc tests can be conducted, as in the case of non-parametric analysis. The new analysis shows the strong significance of the setting treatment (p ¼ 0.0026), even though stem size remains dominant. This time, neither machine type nor any of the interactions effect proved significant: after removing Ergo samples from the data pool, all effects went in the same direction, without any contrasting responses (Table 5) .
Reducing the degrees of freedom of both the setting and machine treatments facilitated the use of non-parametric statistics, and allowed running the analysis on the non-transformed fuel consumption data. This was performed with the Mann-Whitney test and showed that fuel consumption differences between the ECO and POWER treatments were statistically significant (p ¼ 0.04) for the Beaver and Scorpion data.
Regression analysis was conducted on the same data (i.e. no machine Ergo, no setting BAU) for both fuel consumption and productivity. The effect of machine settings was introduced to the analysis by generating a dummy variable for the ECO setting, based on the clear stratification shown in the scatter plot (Fig. 4) . Interestingly enough, no such stratification was observed in the productivity graphs, confirming that the neither setting had any effect on product output rate.
The regression equation obtained from the study is significant and explains over three quarters of the total variability in the data pool (Table 6 ). Once again, the analysis confirms the strong effect of stem size, while indicating that machine setting also has a significant effect. The latter is fixed and does not change with stem size, which was confirmed by the lower significance of the stem size * treatment interaction variable.
Results of the CO 2 emission calculations follow the same trends as the fuel consumption results, since CO 2 emissions estimates were based on diesel fuel consumption. CO 2 emissions per unit product were below 4 kg m À3 for all studied machines. The overall average for the ECO setting was 3.13 kg m À3 , which was 1% lower with the BAU setting and 18% below the POWER setting.
Discussion
The study confirms that machine work settings have an effect on the fuel consumption of harvesters during cut-to-length operations. In particular, the POWER setting is designed for maximum performance, but achieves its goal at the cost of increased fuel consumption and should be switched on only when full power is actually needed. This normally occurs when a machine is engaged with trees at the upper limit of its capacity, in which case task completion is the primary goal and fuel saving becomes secondary. Results obtained for the Ergo machine e the largest in the test range e show that productivity gains can be achieved by switching the power mode with trees that are still in the ideal size range. However, the increase in productivity is matched by a proportional increase in fuel consumption, and no fuel savings are accrued. Under these conditions, switching to the POWER mode can be a sensible strategy because it allows cutting on non-fuel cost (depreciation, labour etc.) and may achieve a reduction of total harvesting cost. However, longer-term studies should ascertain if the additional stress imposed by the more aggressive work mode on the machine and the operator may lead to higher maintenance cost and early fatigue onset for the driver. On the other hand, working under the ECO mode generally leads to reduced fuel consumption and emissions, and is likely easier on both the machine and the driver.
Of course, stem size remains the main factor affecting machine productivity and fuel consumption per unit product, as Eriksson and Lindroos, 2014; Visser and Spinelli, 2012; Purfürst and Erler, 2011; Nakagawa et al., 2007; Nurminen et al., 2006; Sir en and Aaltio, 2003; Kuitto et al., 1994) . By conducting trials on similar and comparable field conditions, the effect of working environment was minimized, although small residual effects cannot be excluded. The effect of the operator on the fuel consumption was not studied, but the operator was kept constant across all settings which allowed for a reliable comparison. On the other hand, one cannot exclude that differences between machines might partly be associated with potentially different operator skills, competence or motivation (Purfürst and Erler, 2011) . After the experiment, operators gave their own subjective feedback on the differences between settings, and all agreed that under the conditions of the study the ECO setting enabled them to proceed without any major changes of their operating technique and behaviour. On contrary, one operator stated that the POWER setting was very aggressive and may have an effect on the ergonomics and productivity in the long run.
Each setting was based on a mix of specific parameter changes and therefore it is not possible to establish an exact correlation between the adjustment of a specific parameter and a visible effect on fuel consumption under the current experiment design; the effect on fuel consumption between settings are rather the effect of a combination of all performed technical setting changes combined. However, the fixed effect of the ECO setting shown in the regression analysis may suggest that fuel savings were obtained by cutting consumption for fixed work elements and was not dependent on stem size. That may hint at the reduction of "parasitic" power drains for set repetitive functions.
Chain model and sharpness of chains for cross cutting might influence the cutting time and energy consumption (J€ onsson et al., 2016) ; this possible source of bias was offset by the random sequence in the application of setting treatments for all machines, while the change and check of cross-cutting chains followed standard operating procedure and routines.
At the end of the experiment, conventional fuel measurements were performed with the refill method in order to achieve close-toreal fuel consumption figures. Due to practical reasons when working under real conditions, conventional fuel measurements were not made for each individual testing period and setting. Since the fuel measurements recorded by the on-board recording unit of the machine do not take all machine movements into account, the values were corrected based on the fuel measurements. Fuel use for moving the machine, for instance within the stand and from the roadside to the beginning of the cutting operation, might be quite substantial depending on the distance; in this case the applied correction factors varied between 16.3% and 23.1%.
The difference in fuel consumption per unit product is apparent between the setting treatment POWER and the other settings whereas the differences between BAU and ECO are less obvious. This may indicate that the currently used BAU setting already integrates aspects of the ECO setting regarding fuel economy concerns within the regular entrepreneurial harvesting operations. In that regard, it is worth mentioning the potential effect of operator adaptation, which is especially influential with thinning operations (K€ arh€ a et al., 2003) . Obviously, operators were most adapted to the BAU setting, and it is likely that if they had used the other two settings for a few weeks before the study, their performance under those two settings may have increased e at least marginally. That provides additional justification for the second part of the analysis, where the comparison was limited to the ECO and POWER settings, which were those that may not have gained any advantage from adaptation and could be compared under the same exact footing. ) data as a function of stem size, for the two setting treatment. The analysis excludes the Ergo machine and BAU setting input data.
Table 6
Results of the regression analysis for the fuel consumption per unit product (l m
À3
). The Analysis excludes the Ergo machine and BAU setting input data. Previous studies have analysed the fuel consumption of forest machines and provide functions to estimate the fuel consumption of harvesters (Ackerman et al., 2014) . When the function provided by Ackerman et al. (2014) was applied to the collected data, the results indicate higher hourly fuel consumption compared to the presented results in this study, which represent between 67% and 69% (SD 5% or 4%, respectively) of the theoretical calculated value. The load factor, the percentage of load in current rpm as one input parameter, is higher in the data gained within this study compared to the figure used by Holzleitner et al. (2011) . Ackerman et al. (2014) rated the presented figures roughly as values above average hard work; this is in line with earlier findings that harvesters operate with heavy loads for over two-thirds of the productive cycle (Spinelli et al., 2010) . The load factor varied little between the settings within this study e load factors for ECO compared to BAU were reduced by 1%, whereas the difference between ECO and Power was 4%. A reason for the higher load factor might be the recording of cutting operation after removing a large proportion of machine movement in the forest stand.
The fuel consumption per unit product presented in this study is in line with some previous findings (Klvac and Skoupy, 2009; Athanassiadis et al., 1999) , but tends to be above the figures reported by other studies (Lijewski et al., 2017; Knechtle, 1997; Berg and Karjalainen, 2003) or calculations (Schwaiger and Zimmer, 2001) . One may expect a higher fuel consumption per unit product in thinning operations compared with clear felling operations; this is confirmed by Ackerman et al. (2017) who reported a mean diesel fuel consumption of 0.64 l m À3 for CTL operation in pine clear-felling in South Africa. Brunberg (2013) reported an average fuel consumption of 1.86 l m À3 for harvesting and forwarding in Sweden in 2012. Ackerman et al. (2017) also state that machine characteristics seem to be particularly important, which is in line with the findings of this study. Dependent on the engine power, Holzleitner et al. (2011) have found a diesel consumption of 0.095 ± 0.012 L per kW and productive machine hours (PMh15) with a load factor of 31% for harvesters. Findings on the calculated CO 2 emissions based on the fuel consumption are generally in line with previous studies (Dias et al., 2007) . Our figures range from values that are slightly lower than in earlier studies (Lijewski et al., 2017; Dias et al., 2007) to results which are higher (Cosola et al., 2016; Klvac and Skoupy, 2009; Athanassiadis, 2000) .
In general, the described influence of stem size on the productivity of harvesters is in line with the findings of previous studies (Eriksson and Lindroos, 2014; Purfürst and Erler, 2011; Nakagawa et al., 2007; Sir en and Aaltio, 2003; Nurminen et al., 2006; Kuitto et al., 1994) . Hourly productivity was calculated in order to investigate the effect of setting changes to the hourly productivity rates. Consequently, productivity figures were presented as relative productivity values compared to the BAU setting, which was set to 100%. Absolute hourly productivity figures were outside the scope of this study and would be considered proprietary by the contractors, therefore further comparisons with literature data were not made.
Further studies will need to investigate the effect of particular technical setting changes on fuel economy and emissions. Also, the origin of fuel consumption savings during operation could be investigated by looking at the detailed processing of single stems. Thus, further research would be needed in order to identify hot spots of fuel use during CTL operation, thus increasing the potential for improved fuel efficiency through machine setting modification.
The possible use of various pre-defined settings could provide new opportunities for operators and entrepreneurs when adjusting machine performance for instance to stand characteristics or operational targets. The option for operators to change between different setting alternatives might be a new opportunity to be introduced to the harvesting practice in the future.
Taking the growing demand of forestry equipment and numbers of harvesting machinery into account, improved fuel efficiency through machine setting modification generally implemented in CTL harvesting machines could generate large energy savings on a global scale and may result in a reduction of environmental pollution and a more efficient use of energy sources.
A quick estimate of the wood harvested mechanically in the Nordic and Baltic countries indicates a total of about 160 million m 3 per year (Eurostat, 2016) , and multiplying that amount by an average saving of 0.3 l m À3 will return a total of 47 million litres of diesel, which represents a substantial saving at the regional level. Obviously, this is a general estimate based on the gross average saving, and it does not take into account the distribution of Nordic and Baltic machines between different type and size classes. Actual fuel saving will vary with machine type, engine size and work conditions, but such detail is not available at the moment and the gross average values presented above still offer a good appreciation of saving potential, although the details may vary. Furthermore, these figures do not account for the large quantity of wood that is harvested with the same technology in Central Europe, and especially in France and Germany that account for additional 100 million m 3 per year, harvested with machines for a large proportion. In summary, this study showed that the adjustment of machine settings had an impact on fuel efficiency and CO 2 emissions in CTL harvesting operations. Statistical analysis proved that stem size had the strongest and most significant effect on fuel consumption per unit product, but machine setting also had a significant effect. A Mann-Whitney test showed that fuel consumption differences between the ECO and POWER treatments were statistically significant for the Beaver and Scorpion machine data. A regression analysis was conducted on the same data for both fuel consumption and productivity. No stratification was observed in the productivity graphs, confirming that the neither setting had any effect on product output rate. Calculated CO 2 emissions followed the same trends, since CO 2 emissions estimates were based on diesel fuel consumption
Conclusions
Adjustment of machine settings can have an impact on fuel efficiency and can reduce the fuel consumption and CO 2 emissions in CTL harvesting operations. However, the highest impact on fuel consumption derived from stem size, which was the only factor affecting productivity. The study was planned carefully and involved three machines with one operation each over the experiment duration of several days. The operation took place in thinning for all machines where the stand environment was comparable and balanced for stem size.
The novelty of this work is to demonstrate the possibility of improving fuel efficiency by altering machine setting adjustments in cut-to-length harvesting machines. Adjustment of machine settings were shown to significantly impact fuel efficiency. Optimal adjustments can reduce fuel consumption and CO 2 emissions in cut-to-length harvesting operations. This work may result in a reduction of energy consumption and environmental pollution, thereby contributing to a cleaner production. This study bridges the gaps between research, development and implementation: it offers practical solutions that may affect manufacturers as well as practitioners and entrepreneurs in the field. The outcome of this study may result in innovative technology development with less impact on the environment. Having been successfully tested for CTL harvesters, similar measures could be now considered for other machine types, such as forwarders, used in timber extraction.
Taking the growing demand of forestry equipment and the numbers of harvesting machinery into account, improved fuel efficiency through machine setting modification generally implemented in CTL harvesting machines could generate large energy savings, estimated to many million litres of diesel fuel per year on a global scale. Machine setting modification may also result in a reduction of environmental pollution and a more efficient use of energy sources. In that regard, the possible use of various predefined settings could provide new opportunities for operators and entrepreneurs when adjusting machine performance to stand characteristics or operational targets. The option for operators to change between different settings might be a new opportunity to be introduced to the harvesting practice in the future, and become part of formal operator training efforts.
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